Information from exogenous donor DNA can be introduced into the genome via homology-directed repair (HDR) pathways. These pathways are stimulated by double strand breaks and by DNA damage such as interstrand cross-links. We have employed triple helix-forming oligonucleotides linked to psoralen (pso-TFO) to introduce a DNA interstrand cross-link at a specific site in the genome of living mammalian cells. Co-introduction of duplex DNA with target region homology resulted in precise knock in of the donor at frequencies 2-3 orders of magnitude greater than with donor alone. Knock-in was eliminated in cells deficient in ERCC1-XPF, which is involved in recombinational pathways as well as cross-link repair. Separately, single strand oligonucleotide donors (SSO) were co-introduced with the pso-TFO. These were 10-fold more active than the duplex knock-in donor. SSO efficacy was further elevated in cells deficient in ERCC1-XPF, in contrast to the duplex donor. Resected single strand ends have been implicated as critical intermediates in sequence modulation by SSO, as well as duplex donor knock in. We asked whether there would be a competition between the donor species for these ends if both were present with the pso-TFO. The frequency of duplex donor knock in was unaffected by a 100-fold molar excess of the SSO. The same result was obtained when the homing endonuclease I-SceI was used to initiate HDR at the target site. We conclude that the entry of double strand breaks into distinct HDR pathways is controlled by factors other than the nucleic acid partners in those pathways.
Double strand breaks (DSBs) 2 are among the most dangerous forms of DNA damage and may result in deletion, rearrangement of chromosomal sequences, or, if unrepaired, chromosome loss and possibly cell death (1) . There are multiple pathways for DSB repair that are distinguished by the identity of the proteins and enzymes involved and their potential for mutagenesis of the break site (2) (3) (4) (5) (6) (7) (8) . Non-homologous end joining, the major pathway in mammalian cells, is homology-independent and often results in small deletions at the site of the break. There are two homology-directed repair (HDR) pathways in which resected single-stranded ends interact with homologous sequences. In single strand annealing (SSA), the single strand end anneals with a complementary single strand. SSA between two direct repeated sequences results in the retention of one copy of the repeat and deletion of the other copy and the intervening sequence. Homologous recombination repair involves invasion of a DNA duplex by a single strand end and can be error-free or mutagenic depending on the sequence of the invaded duplex. Because the sequences with which they interact need not be absolutely identical to the single strand end, the homology-directed pathways provide an opportunity to manipulate the sequence of the genome.
Gene conversion and recombination with exogenous double and single strand donor DNAs occur at impractically low frequencies in mammalian cells (9) . However, DSBs in the genome markedly enhance the frequency of cis and trans recombination/gene conversion, as demonstrated in experiments with the homing endonuclease I-SceI (3, 10, 11) . Exposure of cells to DNA-damaging agents such as ionizing radiation, UV light, or cross-linkers also stimulates HDR (12) (13) (14) (15) , presumably due to DSBs formed as the direct or indirect consequence of the damage (16) . Thus a sequence-specific nuclease or targeted DNA damage would be the basis of a strategy for manipulation of the genome. Although considerable effort has been given to the development of chimeric nucleases for this purpose (17, 18) , the alternate approach based on targeted DNA damage has received much less attention (9, 19) .
One strategy for targeting DNA damage is based on triple helix-forming oligonucleotides (TFOs) coupled to DNA-reactive compounds. Triplexes can form when a third strand of nucleic acid lies in the major groove of an intact duplex target, typically on a polypurine:polypyrimidine element (20) . The complex is sequence-specific and stabilized by hydrogen bonds between the third strand bases and the purines in the duplex. Although conventional deoxyoligonucleotides perform poorly under physiological conditions (21) , we have identified a modification format that confers biological activity on a psoralen-TFO (pso-TFO) as measured in a site-specific gene mutation assay (22, 23) . Mutagenesis of the targeted psoralen cross-link resulted in deletions that were consistent with repair by nonhomologous end joining of DSBs. Base substitutions were also recovered and could be explained by error-prone bypass of a gapped intermediate formed after the initial incisions that released one cross-link strand from the other (24) . Cross-link release is termed "unhooking" and is dependent on the activity of ERCC1-XPF, a component of nucleotide excision repair (25, 26) .
Psoralen cross-links also stimulate recombination (27) (28) (29) . Consequently, we were interested in examining the entry of the targeted cross-link site into HDR pathways. We have used two assays in which exogenous information was supplied by donor DNA introduced at the same time as the pso-TFO. In one case we used a standard double strand replacement vector, while in the other we employed single strand oligonucleotide (SSO) donors. We recovered stable cell lines with the targeted sequence changes with both donors and have measured the influence of nucleotide excision repair deficiencies on the activity of the two donors.
EXPERIMENTAL PROCEDURES
Cells, Plasmids, Oligonucleotides-The Chinese hamster ovary (CHO) wild type cell line AA8, the CHO repair-deficient cell lines UV5/XPD and UV41/XPF, and ERCC1-deficient CHO-727 (30) cells were grown in ␣-minimum essential medium supplemented with penicillin, streptomycin, and 10% fetal bovine serum. Prior to experiments, cells were cultured in medium containing HAT (10 Ϫ4 M hypoxanthine, 5 ϫ 10 Ϫ6 M aminopterin, 10 Ϫ5 M thymidine) to remove pre-existing Hprtdeficient cells. CHO were synchronized in G 0 /G 1 by a variation of the method described by Sawai et al. (24, 31) . Briefly, cells were plated at subconfluent levels and the next day the medium changed to ␣-minimal essential medium with 2% fetal bovine serum and 2% DMSO. After 48 h the cells were washed (85-88% G 0 /G 1 ) and incubated with complete medium containing 100 M mimosine for 16 h to block them in early S phase (ϳ90% early S phase cells). After 16 h the cells were released from the mimosine block by feeding with ␣-minimum essential medium/10% fetal bovine serum.
TFOs and Hprt Mutation Assay-The 17-nucleotide TFO, AE-07, against the hamster Hprt target, was synthesized and purified as described previously (22) . Pso-TFOs were introduced by electroporation using an Amaxa nucleoporator. In experiments with the donor nucleic acids, 3 g of the duplex donor AM200 and/or 3 g of an SSO donor were cotransfected with the pso-TFO. Transfection was followed by incubation for 3 h and then exposure in the Rayonet chamber to UVA light for 3 min at 1.8 J/cm 2 . The cells were passaged twice over a 7-day period and then plated in culture medium containing 20 M 6-thioguanine (6-TG). Cells were also plated in medium without 6-TG to determine plating efficiency. After 7-10 days, colonies were counted and the mutation frequencies calculated as the ratio of 6-TG-resistant colonies/total colony-forming cells. In experiments with double selection, 400 g/ml Geneticin (Invitrogen) was added to medium in addition to 6-TG.
Gene Knock In and Sequence Conversion at an I-SceI Site-AMISI cells in random culture were electroporated with an I-SceI expression plasmid and variously an SSO and/or the AM200 duplex donor. Cells were maintained in culture for 7 days and then placed in 6-TG selection as above.
Analysis of Hprt Target Region in 6-TG-resistant Colonies-
Individual colonies were picked and expanded in 96-well dishes. DNA was extracted and the exon 5 target region amplified using forward primer 5Ј-CTAGTTTGAGGCCAGCTTT-GGC and reverse primer 5Ј-GGGATTCCAGGCATGCCT-TACTG, which yield a 750-bp fragment with DNA from wild type cells. Digestion of the PCR product with the appropriate restriction enzyme was used to determine the frequency of sequence conversion by TGRC-1 or other SSO. Knock in of the AM200 duplex donor was examined by nested PCR with a first primer set of 5Ј-AATAAAACGCACGGTGTTGGG and 5Ј-GCAAGAAGGGAGGTAGATGATG and a second set of 5Ј-GTTTGTTCATAAACGCGGG and 5Ј-CCTGTAATGC-CAGCACTTGAC. For Southern analysis, restriction enzymedigested DNA from different clones was electrophoresed on 1.5% GTG-agarose gel, transferred to Hybond-Nϩ nylon membrane (Amersham Biosciences), and hybridized to a 32 P-labeled 2-kb restriction fragment complementary to the region containing exon 5. The frequencies of all events are based on the number of cells in the population following treatment and passage.
RESULTS
The Hprt gene contains a polypurine:polypyrimidine element adjacent to exon 5 that can support the formation of a stable triplex (32) . This sequence terminates in a 5Ј-TA step that is a preferred sequence for interstrand T-T cross-link formation by psoralen (Fig. 1) . The pso-TFO, AE-07, used in these experiments contains a patch of four contiguous 2Ј-O-aminoethoxy ribose residues (33) with the remaining sugars as 2Ј-Omethyl ribose (22, 23) . Treatment of cells in S phase resulted in the highest levels of targeted cross-linking (24) . Levels of recombination functions are also greatest in S phase. Thus, unless otherwise indicated, experiments were performed with S phase cells.
Pso-TFO-mediated Gene Knock In-The double strand DNA fragment AM200 contained two 1.5-kb sequence elements identical to the regions on either side of the triplex target site. These flanked the gene for neomycin resistance (Fig. 2a) . Targeted knock in of AM200 would delete 200 bp of the genomic target and inactivate the Hprt gene. Colonies carrying the targeted insertion were resistant to G418 and sensitive to 6-TG. The pso-TFO and the AM200 donor were co-electroporated into CHO-AA8 cells. Following photoactivation and passage the cells were exposed to G418 in addition to 6-TG. Resistant colonies were expanded and DNA extracted and analyzed by PCR for the presence of targeted insertion of the donor vector. In experiments with the donor DNA but lacking the pso-TFO or with the pso-TFO but without photoactivation, we recovered colonies containing the targeted insertion at frequencies of 0.5 Ϯ 0.1 ϫ 10
Ϫ6
, consistent with previous work (34) . However, when the pso-TFO was co-electroporated with the donor DNA followed by photoactivation, the frequency of clones containing the targeted insertion, determined by PCR analysis, was 0.19 Ϯ 0.07 ϫ 10
Ϫ3
. Positive clones were expanded and total genomic DNA extracted. Analysis by Southern blot hybridization demonstrated the shift of the target fragment to the size expected from a precise insertion/replacement event (Fig. 2b) . The sequence of the regions corresponding to either end of the donor DNA in 12 clones was determined and found to be identical to that in the donor. Thus, the pso-TFO/UVA treatment of the cells could increase the frequency of targeted gene knock in by 300 to 400-fold.
Targeted Knock In in DNA Repair-deficient Cells-Previously we found that the frequency of deletion mutations rose in cells with deficiencies in nucleotide excision repair activities such as XPD or ERCC1-XPF (35) . We interpreted this as a reflection of increased DSB formation at the targeted cross-link site as the result of the unavailability of repair pathways dependent on these genes. In light of the stimulatory effect of DSB on HDR pathways, we introduced the pso-TFO and the AM200 donor DNA into cells deficient in these functions. The knock-in frequency in XPD-deficient cells was ϳ5-fold greater than in wild type cells (Fig. 3 ). In contrast, there was no knock-in activity in ERCC1-deficient cells. Identical results were obtained with cells deficient in XPF (not shown). These results were consistent with the interpretation that an increase in deletion mutations in the XPD-deficient cells was the result of an increase in DSBs, some of which could be captured by the AM200 donor. The absence of donor activity in the ERCC1-XPF-deficient cells most likely reflected the additional role of this complex in facilitating HDR pathways (36, 37) . Knock in of the AM200 donor was at wild type levels in cells with repair deficiencies in DNAPKcs or MSH2 or MutS␤ (not shown). In our previous work cells with these deficiencies had wild type deletion frequencies following pso-TFO treatment (35) .
Targeted Sequence Manipulation by SSO Donors-Sequence modulation in mammalian cells following introduction of SSO donors has been reported, although frequencies have been variable and low (38 -40) . However, Resnick and co-workers (41, 42) have described high frequency repair by SSO donors of a DSB in yeast via an SSA pathway. Recently, repair of a DSB by SSO donors has also been shown in mammalian cells (43) . We asked whether sequence information supplied by SSOs could be introduced at the site of the pso-TFO-targeted cross-link. For the initial experiments we took advantage of a cell line obtained in a previous study. This line, CHO-AM12, has a mutant Hprt gene as a result of changes in the sequence of the nucleotides adjacent to and within exon 5. These changes destroyed an XbaI site but created a new triplex target site adjacent to a TA step, appropriate for psoralen cross-linking (Fig.  4a) . We synthesized a pso-TFO containing a patch of 2Ј-Oaminoethoxy residues according to guidelines described by us previously (23) . This TFO (AE-AM12) was co-electroporated with SSOs of varying length and complementarity, designed to convert the target to wild type sequence (Fig. 4a) . Following UVA treatment the cells were cultured for 4 -5 days and then placed in HAT medium to select colonies with a functional Hprt gene. Individual HAT-resistant colonies were expanded, DNA extracted and amplified, and the introduction of the XbaI site (from the donor) verified by digestion of the appropriate PCR fragment. The results indicated that the frequency of sequence conversion varied as a function of donor oligonucleotide length and, to a certain extent, complementarity. The 100-mer donor containing the pyrimidine sequence in the triplex target was the most active, whereas the 40-mer in the opposite strand was inactive. The activity was completely dependent on the pso-TFO/UVA treatment (Fig. 4b) . The sequence of the target region was determined in 25 HAT-resistant colonies and all had incorporated the entire donor sequence. However, it should be noted that the requirement for a functional Hprt gene would very likely restrict the diversity of sequences at the target site.
To address this issue we asked whether the same strategy could be used to modulate the frequency of mutagenesis of the pso-TFO target site in wild type CHO-AA8 cells. We co-electroporated, with the pso-TFO, a 100-mer SSO donor, TGRC-1, designed to mutate the wild type target site (replacing the XbaI site with an XhoI site) (Fig. 5a) . In a series of experiments the frequency of 6-TG-resistant colonies after treatment with the pso-TFO alone was ϳ0.22%. However, when the TGRC-1 donor was co-electroporated with the pso-TFO, the frequency of 6-TG resistance was ϳ2-fold greater (Fig. 5b) . Analysis of the DNA extracted from individual colonies confirmed the replacement of the XbaI site by XhoI in 60 -70% of the clones, such that the sequence conversion frequency was 0.25-0.3%. Determination of the sequence of the target region in 24 6-TG-resistant clones showed that 21 had the exact sequence expected from the TGRC-1 donor, while the other three had an additional single base variation from the donor sequence near the cross-link target site (not shown). These results suggested a relatively faithful incorporation of donor sequence despite the absence of functional constraints on the targeted sequence.
We then performed the counterpart experiment by co-introduction of the pso-TFO and an SSO carrying the wild type sequence into the wild type CHO cells. This resulted in a decline in 6-TG-resistant colonies to 0.12% (Fig. 5b) . The implication of this result was that some DSB that would have become deletions were converted by the wild type SSO to wild type sequence.
Control Experiments-The assays for targeted sequence manipulation were based on the gain or loss of activity of the Hprt gene. Subsequent to the isolation of individual clones of drug-resistant cells, DNA was extracted, the target sequence region amplified, and the PCR products examined by restriction digestion. There are reports of artifacts due to donor oligonucleotides participating in, or interfering with, PCR analysis of genomic DNA (44 -46) . Although it seemed likely that the concentration of donor oligonucleotide would have been diluted to insignificance during the 30 -40 doublings between treatment and PCR analysis, we performed three control experiments to address this issue. The TGRC-1 SSO was introduced into cells in the absence of the pso-TFO. The cells were cultured for a week and then diluted and plated so as to permit isolation of individual colonies (no selection). Individual colonies were expanded, DNA isolated, the target region amplified, and the products examined by restriction digestion. No positive clones were recovered. In a second experiment, DNA was extracted from 96 6-TG-resistant clones generated by treatment of AA8 cells with the pso-TFO/TGRC-1 donor combination. One aliquot of the DNA was examined by target region amplification and restriction digestion. Another aliquot was digested with Exonuclease I to remove single-stranded DNA, including oligonucleotides, prior to amplification and restriction digestion. No differences between the two samples were found in the frequency of restriction-sensitive products. Finally, we examined long term cultures (Ͼ90 days) of 6-TG-resistant/restriction-resistant clones and verified the stability of the phenotype. Consequently, we concluded that the conversion of the target site was stable.
Influence of DNA Repair Deficiency on SSO Donor Activity-The pso-TFO and TGRC-1 were co-electroporated into cells deficient in XPD and ERCC1-XPF, followed by UVA treatment. The sequence conversion results with the XPD-deficient cells were similar to those seen with the AM200 vector in that the frequency of targeted sequence modification was increased relative to wild type cells (Fig. 6, left) . However, in marked contrast to the results with the AM200 donor, in ERCC1-deficient cells the relative frequency of sequence modification increased by 4-to 5-fold (Fig. 6, right) . Thus, sequence conversion by the SSO did not require ERCC1-XPF-dependent events.
We also examined the activity of the pso-TFO/SSO in cells deficient in DNAPK CS , and the mismatch repair proteins MSH2 and MutS␤. As in the previous experiments with the AM200 donor, sequence conversion frequencies were unaffected by these deficiencies (not shown).
Competition between Single and Double Strand Donor DNA for Ends
Derived from Targeted Cross-links-A key step in HDR of a DSB is 5Ј-3Ј-exonucleolytic digestion that produces single strand tails terminating in a 3Ј-OH. These could invade a duplex, as would occur during knock in of sequence information from the long duplex donor (Fig. 1) . Alternatively, as proposed by the Resnick group (41, 42) based on experiments in Saccharomyces cerevisiae, the single strand tails might hybridize with an SSO. The central role of a single strand tail in both pathways raised the question of whether there would be a competition for this intermediate if both options were available. To address this question we introduced both donor species, along with the pso-TFO, into repair-proficient cells. The oligonucleotide donor was present at ϳ100-fold molar excess relative to the duplex donor. Under these conditions, if the SSO were an effective competitor for ends at the target site, then the frequency of knock in of the AM200 duplex would be expected to decline. Experiments were performed with either the TGRC-1 or the wild type SSO. Analysis of 6-TG-resistant colonies indicated that frequency of AM200 knock in was similar in the presence or absence of the single strand donor (Fig. 7) . Furthermore, the activity of the SSO was also unaffected by the AM200 donor (not shown). The experiment was repeated in XPD-deficient cells, and the same lack of competition between the two donors was observed (not shown). Thus, the presence of a considerable excess of an SSO donor did not influence the frequency of AM200 knock in.
Competition between Single and Double Strand Donor DNA for Ends Derived from I-SceI Cleavage-Our approach to introducing a targeted DSB was indirect, via a targeted cross-link. Given the novelty of this method, it was of interest to ask how the donor competition would play out when the target site was activated by direct cleavage by a well characterized reagent such as I-SceI (43, (47) (48) (49) . To address this question directly we constructed a wild type variant of the AM12 cell line by pso-TFO-targeted introduction of an I-SceI site adjacent to the triplex target site. The SSO was designed to replace the mutant AM12 triplex target with a wild type sequence including the XbaI site. The donor also carried the 18-nt I-SceI recognition sequence positioned immediately upstream of the triplex target site (Fig. 8a) . HAT-resistant clones were screened for the presence of the I-SceI site. Six clones with the I-SceI site were expanded and carried in culture for 3 months. At the end of this time the presence of the I-SceI site was verified in all the clones by sequence analysis of the appropriate PCR product, and one, AMIS1, was expanded. Cells in random culture were used in all the following experiments.
In an initial experiment we transfected AMIS1 cells with an expression plasmid that encoded I-SceI. After a week in culture the cells were plated at low density and 192 individual colonies picked and expanded without any selection. DNA was extracted, the target region amplified, and the PCR products digested with I-SceI. PCR fragments from 65% of the clones were resistant to digestion, an indication of the extensive cleavage of the site with concomitant loss of the recognition sequence (50, 51). We synthesized a 100-mer SSO carrying sequence homology to either side of the I-SceI site (Fig. 8a) . Transfer of sequence information from this donor to the I-SceI site would eliminate the I-SceI site, introduce an XhoI site, and inactivate the Hprt gene. This SSO was cotransfected with the I-SceI expression plasmid into AMIS1 cells. We found that the frequency of targeted sequence modification was ϳ0.3%, the same as in the previous experiments with the pso-TFO (Fig. 8b) .
AMIS1 cells were then cotransfected with the I-SceI expression plasmid and either the AM200 donor or both the AM200 and SSO donors. The knock-in frequency in cells treated with the I-SceI plasmid and the AM200 donor was 0.24%, ϳ10-fold greater than in the experiments with the pso-TFO/UVA (Fig.  8c) . When both donors were transfected, the activity of either donor was unaffected by the presence of the other. Thus, as in the experiment with the targeted cross-link, the frequency of targeted knock in of the AM200 duplex donor was not influenced by the presence of the SSO donor.
DISCUSSION
In previous work we described deletion mutagenesis at the site of the pso-TFO target and concluded that these were the consequence of DSBs formed during the cellular response to the cross-link (24, 32, 35) . Here we show that following crosslinking the target sequence can enter HDR pathways and incorporate information supplied by exogenous duplex and single strand donors. Sequence modulation occurred at frequencies 2-3 orders of magnitude above those recovered in experiments with the donors alone. The use of the pso-TFO directed against an endogenous genomic target has the advantage in that every cell has the target. Thus, experiments can be done with host cells with different phenotypes (e.g. repair deficiencies) without the requirement of constructing a new cell line as is required for experiments with the I-SceI endonuclease. Of course, the pso-TFO-mediated sequence conversion strategies do have practical implications. Thus, we were able to readily construct a new cell line that allowed us to directly compare genomic modification initiated by nuclease cleavage or the targeted cross-link and address basic questions about the process.
Influence of DNA Repair Deficiency on Sequence Conversion Mediated by the Pso-TFO Cross-link-Our results with the pso-TFO and either donor indicated that the frequency of genome modification rose in XPD-deficient cells in which pso-TFOmediated deletion mutation frequencies also increased. On the other hand, cells with repair deficiencies that did not result in increased deletion frequencies (shown in our previous work, Ref. 35 ) had wild type levels of sequence modulation by both donors. The exception to this straightforward correlation was the ERCC1-XPF deficiency. Here the interpretation is more complicated because this complex participates in repair of the cross-links as well as in HDR pathways. The ERCC1-XPF endonuclease is considered essential for the formation of the gapped intermediate (25) that is the substrate for error-prone bypass by pol (35, 52, 53) . Because the pso-TFO/SSO combination was active in the ERCC1-XPF-deficient cells, incision and gap formation were not required for sequence conversion by the SSO at the targeted cross-link site.
The ERCC1-XPF complex plays a role in the resolution of recombination intermediates that appear during gene knock in (36, 37) , which explains the lack of duplex donor activity in the ERCC1-XPF-deficient cells. In the I-SceI experiments in yeast cells with mutations in the equivalent genes, SSO activity declined 5-fold (42) . This contrasts with the increased SSO activity in ERCC1-deficient cells relative to wild type cells in our experiments. A requirement for the ERCC1-XPF complex has been described during SSA of direct repeat sequences, presumably to process single strand tails that appear as intermediates in the pathway (2, 54 -56) . However, our SSO donors were designed to generate mismatches or rather small tails upon hybridization to the target sequence. Additionally, Rad52 protein interacts with the ERCC1-XPF complex with an attendant loss of strand-annealing activity (57) . Thus, the strand-annealing activity of Rad52 protein would be expected to rise in ERCC1-XPF-deficient cells, and, absent a concern for removal of long tails, this could increase the activity of the SSO.
Target Site Activation by the Pso-TFO Versus I-SceI-There is an important distinction between experiments with I-SceI (3, 58) and those with the pso-TFO. The cross-link is formed only in cells at the time of photoactivation. The frequency of the different end points reflects the different pathways taken during a single cycle of cross-link repair by those cells with targeted cross-links. Based on the data presented here and previously, some simple bookkeeping is possible. The targeted crosslink is formed in 25-30% of the pso-TFO/UVA-treated cells (24) . Following repair and/or mutagenesis 5-6% of the cells have base substitutions and 0.2-0.4% have deletions at the target site. The data presented here indicate that sequence conversion by the SSO donor is in the 0.2-0.3% range, with a 10-fold lower frequency of duplex donor knock in.
In contrast, in the I-SceI experiments the encoding plasmid and enzyme are present for days and the frequency of end points reflects many rounds of cleavage/repair. Repair by nonhomologous end joining could be either error-free, regenerating the I-SceI site, or error-prone, resulting in small deletions and loss of the recognition sequence (3). Multiple cycles of cleavage would drive the system toward deletion mutations as shown previously (50, 51) and in this report, in which 65% of the cells after treatment had lost the I-SceI site. The high frequency of cleavage explains the 10-fold increase in knock-in of the AM200 donor relative to the pso-TFO experiments. Consequently, it was somewhat unexpected that the frequency of SSO-mediated sequence conversion was similar in both the pso-TFO and I-SceI experiments. This does not appear to be unique to the experiments described here, as similar frequencies were reported in another study that employed I-SceI to initiate sequence conversion by an SSO (43) . Because there are many more damage/repair cycles in the I-SceI experiments than with the pso-TFO, this suggests that some other factor(s) (perhaps a protein or enzyme) limits the activity of the SSO. Additional work will be required to elucidate the nature of this limitation. However, it would appear that sequence modulation by the SSO initiated by the pso-TFO is as efficient as that by I-SceI, with one-tenth the collateral mutagenesis.
Competition for Ends-The probability of entry of a DSB into a particular pathway can be influenced by manipulation of the levels of repair factors that are critical for the individual pathways (2, 4, 59, 60 ). The conclusion of many studies is that the pathways are competitive, although they have also been described as "compensatory" (61) . While non-homologous end joining requires relatively little single strand resection of ends (62) , long resected single strands, formed by the action of the MRE11-RAD50-NBS1 complex (63) , are presumed to be the common precursor to the homologous recombination repair or SSA pathways (2) . Entry into homologous recombination repair requires Rad51, while the frequency of SSA is dependent on Rad52. Long resected single strand ends have been proposed to be the key intermediate in SSO-mediated DSB repair in S. cerevisiae (41, 42) . In that system a deficiency in Rad51 protein increased the frequency of SSO sequence conversion, while Rad52 protein was required for SSO activity. The authors concluded that SSO repair of a break required the annealing activity of Rad52 protein. They proposed a two-step model in which the SSO initiates repair by annealing to a single strand following resection of the 5Ј-strand, thus supplying a template for extension synthesis. The break would be sealed in the second step.
In our competition experiments we asked whether the SSO would compete for ends that would otherwise interact with the duplex knock-in donor. We found that the frequency of AM200 knock-in was unaffected by the presence of the SSO in experiments initiated either by the pso-TFO or I-SceI. Consequently, it would seem that the ends that engaged the duplex knock-in donor were not accessible to the SSO. This would suggest that commitment to a particular end-modification pathway is made by cellular functions rather than the availability of different nucleic acid partners. Assuming that the key intermediate for both homologous recombination repair and SSA/oligonucleotide pathway is a 5Ј-resected end (42) , then there would have to be a subsequent fork in the processing pathway, with the SSO engagement restricted to one branch. If the arguments from the studies in S. cerevisiae extend to mammalian cells, then the formation of a Rad51-dependent complex on a resected end, competent for strand invasion, would preclude interaction of that end with the SSO. Consequently, the SSO would not compete for ends that engaged the AM200 knock-in donor (see supplemental Fig. S1 for a schematic and discussion of the interaction of the SSO with intermediates in DSB repair pathways). It will be of interest to determine which factors (including, presumably, Rad52) control the accessibility to ends by the SSO in mammalian cells.
